Temporal lobe epilepsy is triggered by an initial insult, such as status epilepticus, that initiates the process of epilepsy development. Heat shock protein 70 (Hsp70) is a ubiquitously expressed molecular chaperone, involved in the inflammatory response that is upregulated after status epilepticus. Hsp70 has been described as an endogenous intracellular ligand of Toll-like receptor 4. It is released from damaged or necrotic tissue and by activated immune cells after an inflammatory event. So far, the time course and the pattern of epileptogenesisassociated alterations in Hsp70 expression have not been described in detail. 
Introduction
Temporal lobe epilepsy is the most common type of epilepsy (Disorders et al., 2015) . Its pathological landmarks include progressive development of spontaneous recurrent seizures (SRSs) from temporal lobe foci and unique morphological alterations in the hippocampus (Furtado et al., 2011; Sloviter, 1991; Zhang et al., 2002) . It is triggered by an initial insult, such as head trauma, stroke or febrile seizures that initiate the process of epilepsy development.
The period between the initial injury and the occurrence of the first epileptic seizure is termed epileptogenesis. Epileptogenesis can be divided in three main stages: 1) the initial precipitating insult followed by the early post-insult phase, 2) the seizure free latency period and 3) the chronic epilepsy phase in which patients exhibit spontaneous recurrent seizures (Maguire, 2016) .
Inflammatory signaling in the epileptic brain is modulated by release of damage-associated molecular pattern molecules (DAMPs) from neurons and glial cells. DAMPs, such as high mobility group protein B1 (HMGB1) and heat shock proteins, are released from damaged or necrotic tissue and by activated immune cells (Pradeu and Cooper, 2012) .
Toll-like receptor 4 (TLR4) belongs to the Toll-like receptors family, a class of transmembrane proteins that play a critical role as pattern-recognition receptors. HMGB1 are ligands of TLR4, which excessive activation results in enhanced intracellular MyD88-dependent signaling (Laird et al., 2009; Yu et al., 2010) , inducing activation of the nuclear factor-κB pathway (Tadie et al., 2012; Wheeler et al., 2009 ). In addition, heat shock proteins have been described as endogenous intracellular TLR4 ligands. Among them, the 70 kilodalton heat shock proteins (Hsp70) are ubiquitously expressed molecular chaperones that can be rapidly induced in response to cellular stress events (Sõti et al., 2005) . These proteins possess a dual function specified by their location: intracellular Hsp70 has a protective function, while extracellularly or membrane-bound located Hsp70 is involved in immunologic functions (Benarroch, 2011) . The major stress-induced form, Hsp70i (also called HSP72 or HSPA1A), is the best-characterized member of the heat shock proteins (Kampinga et al., 2009 ). In human patients affected by temporal lobe epilepsy, the expression of Hsp70i is upregulated in most hippocampal subfields (Kandratavicius et al., 2014) .
The crucial role of TLR4 signaling in epileptogenesis has been shown in a study by Vezzani et al. (2013) in which TLR4-deficient mice developed less severe epilepsy following status epilepticus (SE). The downstream signaling events triggered by TLR4 lead to an increased generation and release of pro-inflammatory cytokines including IL-1β, IL-6, and TNFα
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6 (Vezzani et al., 2011) . Expression of TLR4 and its ligand HMGB1 proved to be increased in brains of chronic epileptic mice and in surgical specimen from human patients suffering from drug-resistant epilepsy (Maroso et al., 2010) .
A putative protective role of Hsp70i in epilepsy has been suggested in chemically induced seizure models (Ekimova et al., 2010) , where the anticonvulsant effect of exogenous Hsp70i was related to its ability to modulate GABA neurotransmission. Other studies analyzed
Hsp70i expression following chemical induction of SE in the early post-insult phase and in the early latency phase (Ammon-Treiber et al., 2007; Kim et al., 2013; Lively and Brown, 2011) but it is unclear if the use of chemoconvulsants introduced a bias in SE induction.
A recent publication from our group demonstrated that HSPA1A gene upregulation in a kindling mouse model has a pro epileptogenic effect, promoting ictogenesis in naïve animals (von Rüden et al., 2018a) . Conversely, a similar study conducted on Hsp70-knockout mice support a protective role of Hsp70 with an effect on microglia activation and spread of seizure activity (von Rüden et al., 2018b) .
In the present study we opted for the rat electrical post-SE model, a model extensively validated in our lab (Keck et al., 2017; van Dijk et al., 2018) in which the electrical stimulation of the basolateral amygdala allows to generate epileptic animals developing SRSs. Using this model, our group has recently demonstrated alterations in the expression profiles of several DAMPs (Keck et al., 2018; Walker et al., 2016) . By means of comprehensive proteome analysis, five proteins including HMGB1 and Hsp70 were found to be upregulated, with
Hsp70 showing a pronounced up-regulation in hippocampus and parahippocampal cortex in the early post-insult phase and in the latency phase.
These findings suggest that TLR4 ligands other than HMGB1 need to be considered when developing putative anti-epileptogenic approaches aiming to block TLR4-associated signaling. However, development of respective strategies and definition of time windows for a respective intervention requires more detailed information about the cellular localization of Hsp70 expression and its course during epileptogenesis. Therefore, we sampled tissue from the electrical post-SE rat model and quantified Hsp70i expression by means of immunohistochemistry and stereological cell counts in hippocampus and in parahippocampal cortex accessory subregions. Furthermore, additional brain regions including thalamus, amygdala and the parietal association cortex were investigated since they can modulate excitability in temporal lobe epilepsy, and can contribute to epileptogenesis or ictogenesis.
Finally, we assessed Hsp70i regulation in different cell populations.
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Material and methods
Animals
Brains from thirty female Sprague Dawley rats have been used for the analysis. The brains were taken from an in-house collection of earlier experiments. The animals had been housed under standard environmental conditions (20-24 °C, 45-65% humidity, light cycle from 7:00 a.m.-7:00 p.m.). Female rats had been used based on our characterization of the model (Brandt et al., 2003a) , which revealed a high mortality rate in male rats. Animals had been purchased from Harlan Laboratories (Udine, Italy) and allowed to habituate to the new environment for 10 days. 
Surgery
Brains samples had been taken from animals of control groups or groups with SE induction at three different time points during epileptogenesis: i) two days post-SE (early post-insult phase), ii) ten days post-SE (latency phase), iii) eight weeks post-SE (chronic phase).
Stereotaxic surgery was performed to implant the combined recording-stimulation electrode into the right anterior basolateral amygdala as previously described (Walker et al., 2016) under general anesthesia using chloral hydrate (i.p. 360 mg/kg). For perioperative pain A C C E P T E D M A N U S C R I P T 8 mm, ML +4.7 mm, DV -8.5 mm) with coordinates according to the rat brain atlas of Paxinos and Watson (1998) . Pre-and postoperatively, marbofloxacin (1 mg/kg, Marbocyl FD 1%, Vétoquinol, Ravensburg, Germany) had been subcutaneously administered twice a day, starting one day before implantation until day seven post-surgery.
Electrical induction of SE
A period of eight weeks' post-surgery had been allowed to the animals and thereafter SE was induced as described by Ongerth et al. (2014) . A baseline electroencephalogram had been recorded prior to electrical stimulation as reference and subsequently rats were continuously stimulated (intratrain pulse frequency of 50 Hz, 700 µA peak pulse intensity, 100 ms trains of 1 ms alternating positive and negative square-wave-pulses at a frequency of 2 Hz) in the BLA for 25 min. Stimulation had been performed using a stimulator (Accupulser, A310C)
connected to a stimulus isolator (A365, World precision Instruments, Berlin, Germany (Brandt et al., 2003b) . Only brain samples from animals with a type 3 SE were selected for immunohistochemistry as only these animals reliably develop epilepsy. Successful termination of seizure activity had been confirmed by EEG recording after diazepam injections. Electrode-implanted control animals were not subjected to electrical induction of SE, but handled in parallel including diazepam administration. Animals from the eight weeks' group underwent a continuous video-and EEG-monitoring (24 h per day/7 days a week over 19 days) using a combined EEG-and video-detection system as previously described by . In this latter group, only brains from animals with more than one spontaneous generalized seizure were used for further analysis. Two days,
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Tissue collection
Electrically stimulated and control animals for each time point had been deeply anesthetized by an intraperitoneal injection of 600 mg/kg pentobarbital (Narcoren 
Immunohistochemistry
All antibodies used for immunohistochemistry of this study are reported with relative SciCrunch Research Resource Identifiers (https://scicrunch.org/resources) in Table 1 .
For Hsp70 staining, free-floating sections were washed in Tris-buffered saline (TBS) at room temperature and heat-induced epitope retrieval (HIER) was performed at 80 °C for 30 minutes using sodium citrate buffer (pH 6.0). Endogenous peroxidase was inhibited by 30 min incubation in 1% H 2 O 2 and to prevent non-specific antibody binding a blocking step (5% goat serum in TBS, 30 min) was performed. Slices were then incubated overnight (16 h, 4 °C) with anti-Hsp70/Hsp72 clone C92F3A-5 at 1:750 dilution. Next, sections were rinsed thrice in TBS and incubated for 2 h at room temperature with biotinylated goat anti-mouse at 1:1000 dilution. After three more washing steps in TBS, brain sections were incubated in horseradish peroxidase-labeled streptavidin at 1:1400 dilution for one hour, at room temperature. After further TBS washes, sections were stained using the horseradish peroxidase-labeled streptavidin using 3,3'-diaminobenzidine tetra hydrochloride at 0.05%, added with 0.01% nickel ammonium sulfate and 0.01% H 2 O 2 . Sections were then mounted on microscope
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glasses and coverslipped with Entellan ® (107960, Merck, Darmstadt, Germany). Negative controls were processed in parallel omitting the primary antibody.
For Hsp70/GFAP double immunolabelling, free-floating sections were processed with HIER as described above and a blocking step was performed at room temperature (5% goat serum and 2% bovine serum albumin in TBS). Since the two antibodies are obtained from different host species, the parallel immunostaining technique was chosen. Briefly, slices were initially incubated overnight (16 h, 4 °C) with anti-Hsp70/HSP72 and anti-GFAP (1:1500 and 1:3000 dilutions respectively). The following day, after three washes in TBS with 0.05% Tween 20
(TBST), Cy2 goat anti-mouse and Alexa Fluor 594 -goat anti-rabbit antibodies were incubated at 1:1000 dilution (60 min, 24 °C). Sections were then rinsed thrice in PBS, counterstained with Hoechst 33342 (0.5 µg/ml), mounted on microscope glass and coverslipped using IF-mounting medium.
For Hsp70/NeuN double immunolabelling, free-floating sections were processed with HIER and a blocking step was performed as described above. Both antibodies are obtained from the same host species, therefore a sequential incubation was chosen. Briefly, slices were initially incubated overnight (16 h, 4 °C) with anti-Hsp70/Hsp72 at 1:1500 dilution and the following day, after further TBST washes, the secondary goat anti-mouse biotinylated antibody was incubated at 1:1000 dilution (2 h, 24 °C). Slices were again washed in TBST and incubated with streptavidin conjugated with Cy3 at 1:1500 dilution for 60 min to finish the first marker construct. Next, slices were rinsed in TBST and incubated overnight (16 h, 4 °C) with antiNeuN at 1:500 dilution. After further washing in TBST, slices were incubated with Alexa
Fluor 488 goat anti-mouse at 1:750 dilution for 60 min. Sections were then rinsed thrice in PBS, counterstained with Hoechst 33342 (0.5 µg/ml), mounted on glass and cover-slipped with IF-mounting medium.
For Hsp70-TLR4-Iba1 triple immunostaining free-floating sections were processed with HIER and unspecific binding sites were blocked as described above with additional 0.1% fish gelatin as described by Zukor et al. (2010) to improve antibody penetration in tissue. Two out of three antibodies are obtained from the same host species, consequently a parallel/sequential incubation was set. For this immunoreaction, washes were performed in in Phosphate Buffer Saline with 0.05% Tween 20 (PBST). Briefly, slices were incubated overnight (16 h, 4 °C) with anti-Hsp70/HSP72 at 1:1500. Next, after three washes in PBST, the secondary Cy3 goat anti-mouse biotinylated antibody was incubated at 1:1000 dilution (2 h, 24 °C). Slices were again washed in PBST and incubated with streptavidin conjugated with Cyanine Dyes 3 (Cy3)
A C C E P T E D M A N U S C R I P T 11 at 1:1500 dilution for 60 min to finish the first marker construct. Sections were then rinsed thrice in PBST and incubated with anti-TLR4 antibody at 1:250 dilution and with anti-Iba1 at 1:10000 dilution simultaneously overnight (16 h, 4 °C). The following day, after three washes in PBST, the secondary antibodies Alexa Fluor 488 goat anti-mouse (1:500) and the Alexa Fluor 647 goat anti-rabbit (1:500) were incubated (60 min, 24 °C). Sections were then rinsed thrice in PBS, counterstained with Hoechst 33342 (0.5 µg/ml), mounted on glass and coverslipped with IF-mounting medium.
Hsp70 stereological cell count
For each animal, brain sections distanced each other by 720 μm were processed for stereological cell counting. Hsp70-positive cells were counted using the systematic random sampling (Gundersen and Jensen, 1987) in the following hippocampal areas (bregma from -2.1 to -6.1): hilus of dentate gyrus, Cornu Ammonis region 1 (CA1) and region 3 (CA3) and in the parahippocampal cortex: perirhinal cortex (bregma from -3.1 to -7.1), lateral and medial entorhinal cortex (bregma from -3.1 to -7.1) were summed together while piriform cortex (bregma from 0.0 to -4,9) layer 1 (Pir1), layer 2 (Pir2) and layer 3 (Pir3) were analyzed separately given their different contribution to epileptogenesis (Loscher et al., 1995; Vaughan and Jackson, 2014) . Furthermore, thalamus (all thalamic regions: bregma from -1.2 to -5.3), parietal association cortex (posterior, lateral and medial parts: bregma from -3.0 to -6.1) and amygdala (bregma from -1.6 to -4.5), corresponding to the electrode's implant location was analyzed. For the amygdala, we have focused our analysis on the basolateral nucleus. This choice was based on previous reports describing that a disruption in GABAergic control, in this nucleus results in hyperexcitability, and can contribute to seizure generation (Prager et al., 2016) .
In each animal, the number of brain sections analyzed varied among regions (see Table 2 ).
Unbiased stereological cell count was performed online using an optical microscope (LEICA DM LB, Germany) equipped with Bio Point 2 Motorized Stage (Ludl Electronic Products, U.S.A.) and a color CCD camera (CX9000 -MBF Bioscience U.S.A.). The person performing the quantification was blinded and all samples were randomized before quantification (www.randomizer.org). Image analysis was performed with Stereo Investigator (version 11 -MBF Bioscience, USA) with area estimation performed at low magnification (5X/0.12 NA) and cell counting performed at high magnification (40X/0.65 NA). For each region, calculated volumes were estimated by Cavalieri's principle (Gundersen and Jensen, 12 1987 ) and the total number of positive stained cells were estimated using the optical fractionator counting method (West et al., 1991) . According to the Stereo Investigator Optical
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Fractionator method, all cells lying inside the optical fractionator frame or in contact with its green lines were counted. Specifically, the number of Hsp70 positive cells, returned from the software as Estimated Population using Mean Section Thickness, were expressed as cell density using the calculated volume:
Cell Density = Hsp70 positive cells Calculated Volume
Optical fractionator returns the coefficient of error (CE), an index expressing the precision for each stereological cell count, in both m=0 and m=1; we opted for the m=1 since it has already been described (Gundersen et al., 1999) that biological samples are best described by this metric. In order to evaluate the study design, in addition to the within-animal variation estimate by CE, the variability between animals per region was calculated as standard deviation (SD) and the coefficient of variation (CV = SD/mean), that measures the interanimal variability, was used to evaluate study design; a [CE 2 /CV 2 ] ≤ 0.5 was considered acceptable (Gundersen, 1986) as also reported by other studies (Rajkowska et al., 2016) .
Pixel intensity spatial correlation analysis
Confocal laser scanning microscopy was performed on a Carl Zeiss LSM-880 microscope equipped with argon (458, 488, 514 nm), DPSS 561-10 (405 nm) and a HeNe633 (633 nm) lasers (Zeiss LSM 800 with Airyscan, RRID: SCR_015963). Images were captured at resolution of 1024 X 1024 pixels and in order to improve the signal-to-noise ratio, two scans of one focal plane were averaged. Confocal images were obtained using Plan-Apochromat degree. In these scatterplots, the intensity of one color is plotted against the intensity of the second color for each pixel. Described by Dunn et al. (2011) , in these scatterplots ideal colocalizing points are aligned in a cloud along the 45 degrees' bisector, while co-expressing points are distributed close to the x and y axis, forming an L-shaped cloud marking lack of colocalization. To this purpose, acquired confocal fluorescence micrographs were further analyzed for colocalization using the "Colocal" function of the ZEN software that allows estimating the amount of pixels that are colocalizing. In order to exclude background pixels from analyzed images, a contour of the region of interest was traced and, within it, three regions visually defined as background, were used to estimate the background threshold using software's hairline bisector method. ZEN software returns for every image both the colocalization scatterplot and the colocalizing pixels in the image. This latter was then exported, converted in a binary (8-bit) mask and superimposed to the merge image and correspond to the total area of pixels colocalizing in the image.
For colocalization analysis of Hsp70 with TLR4 and Iba1, images were captured at higher magnification (63X objective) in order to increase the resolution and subsequently processed with Coloc2 plugin for ImageJ to ascertain interaction among these probes. This specific plugin returns colocalization scatterplots above mentioned, along with intensity correlation quotient (ICQ) described by Li et al. (2004) and Pearson correlation coefficient (PCC) that is widely used in colocalization analysis (Adler and Parmryd, 2010; Dunn, et al., 2011) . PCC values range between -1 and +1, specifically: i) PCC = +1 fluorescence intensities of two images are linearly related, ii) PCC = −1 fluorescence intensities are inversely related, iii) PCC = 0 fluorescence intensities are uncorrelated. ICQ is derived from the PCC and is often used in subcellular colocalization analysis (Krauß et al., 2015) . The value for this parameter are comprised between -0.5 and +0.5, specifically: i) -0.5 ≥ ICQ > 0 define a segregated staining, ii) ICQ ≈ 0 defines a random (or mixed) staining, iii) 0 < ICQ ≤ +0.5 defines a dependent staining. A cut off value of 0.5 for PCC and of 0.25 for ICQ was chosen as colocalization threshold.
Statistics
Statistical analysis was performed with Prism 5.04 (GraphPad Prism, RRID: SCR_002798;
San Diego, USA). Ipsilateral and contralateral estimated cell counts from each time point in all regions, as well as the volumes calculated by the Stereo Investigator software were compared using the one-way ANOVA followed by Bonferroni post-hoc test. Hsp70 cell density between SE and control was tested in all regions within each time point by using the unpaired Student's t-test. Data are indicated as mean ± SEM and we considered a p value < 0.05 statistically significant.
In the 2d post-SE time point, Hsp70-NeuN area colocalization was analyzed using a 1way
ANOVA in order to compare the difference of colocalization in the different hippocampal (hilus, CA3, CA1) and parahippocampal cortex (Perirhinal cortex, Piriform cortex) regions.
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Results
Alterations of Hsp70 expression rates in different phases of epileptogenesis
The immunohistochemical staining provided comprehensive information about the Hsp70 expression pattern in various brain regions. At every time point, control animals show Hsp70 signal in prevalence predominately distributed in the cell soma with few sparse cells in all the regions investigated. Samples from the latency and chronic phase exhibited a similar pattern, while samples from the early post-SE phase presented a more intense staining. At this time point, Hsp70 was also detected in cellular processes, both dendrites and axons (Fig 1F) but also a diffuse pattern was present in hilus and CA3 and, with less extent, to CA1. Given the regional localization (e.g. pyramidal layer in CA1 and CA3), immunopositive cells seemed to resemble principal neurons. In this latter group, the cell density proved to be different, with immunopositive cells being highly packed in the hilus, in CA3, and in a minor degree also in CA1. Noteworthy, diffuse expression was also observed in the regions surrounding the pyramidal layer, namely the stratum lacunosum-moleculare, stratum radiatum, stratum lucidum and the stratum oriens.
No difference was identified between ipsilateral and contralateral cell counts, therefore the total number of cells was summed up, so a single value represented each region per animal.
The impact of SE proved to vary among the time points, displaying a stronger effect in the early post-insult phase, a milder and more localized effect in the latency phase and no relevant effect in the chronic phase. Among all the regions, the most prominent effect was detected in the hippocampus (Fig 1A-C) . However, the difference to control animals only reached significance two days following SE. Electrically stimulated animals showed a 23-fold increase (p = 0.0017) in Hsp70 positive cells in the hilus (Fig 1A) , a 30-fold increase (p < 0.0001) in CA3 ( Fig 1B) and a 41-fold increase (p = 0.0070) in CA1 (Fig 1C) . A stronger effect was visible also in thalamus (Fig 1D) with a 35-fold increase (p = 0.0042), while the effect was milder in the amygdala (Fig 1E) with a 12-fold increase (p < 0.0001) in Hsp70 positive cells.
In the parahippocampal cortex, Hsp70 overexpression was evident two days following SE, but with a milder effect in comparison to the one observed in the hippocampus. The strongest effect has been observed in perirhinal cortex and in the third layer of the piriform cortex. In the perirhinal cortex (Fig 2A) , a 17-fold increase (p < 0.0001) in Hsp70 positive cells was found between animals in the early post-SE phase compared to respective controls.
Furthermore, in this region a 5-fold increase (p = 0.0083) in cell density was found ten days ACCEPTED MANUSCRIPT
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following SE. A similar pattern was also found in the third layer of the piriform cortex ( Fig   2D) , where an 18-fold increase (p < 0.0001) and a 4-fold increase (p = 0.0270) in Hsp70 positive cell density was evident in the early post-insult phase and the latency phase. A milder effect was visible in other layers of the piriform cortex with a 12-fold increase (p < 0.0001, Fig 2C) in the second layer and a 3-fold increase (p = 0.0037, Fig 2B) in the first layer observed in samples from the early post-insult phase. Further regions of the parahippocampal cortex exhibited less pronounced alterations in Hsp70 expression restricted to the early postinsult phase. Two days following SE, our analysis revealed a 10-fold increase in the entorhinal cortex (p < 0.0001, Fig 2E) . In the parietal association cortex, a strong effect was visible only in the early post-insult phase with a 48-fold increase of the Hsp70 cell density (p < 0.0001, Fig 2F) .
Analysis of Hsp70 expression in different cell types and of its colocalization with TLR4
In the hippocampus and parahippocampal cortex sub-regions, we characterized Hsp70 expression on a cellular level based on double and triple stainings with different cellular markers.
In animals with SE, immunofluorescence Hsp70/NeuN double labelling confirmed that Hsp70 colocalizes with the neuronal marker NeuN (Fig. 3) demonstrating neuronal expression in all sub-regions considered. This neuronal expression was evident in both, control animals and animals with SE. The pixel by pixel analysis of the Hsp70 signal (Fig 3, panels A) and NeuN signal (Fig 3, panels B ) generated a colocalization mask that was superimposed in white to the merged channels image with Hoechst 33342 (Fig 3, panels C) . This mask indicates the area extension of colocalizing Hsp70 and NeuN signal from cells lying under the same confocal plane for a region. The degree of colocalization is furthermore described by the co-expression scatterplot (Fig 3, panels D) . Colocalization area in electrically stimulated animals two days following SE varied among regions with higher levels in the hilus and CA3 than in CA1, piriform cortex and perirhinal cortex. In line with the low number of Hsp70 immunopositive cells in control animals, values in this group of animals were negligible.
In contrast, double labelling immunofluorescence for Hsp70/GFAP indicated that Hsp70 does not colocalize with the astrocytic marker GFAP (Fig. 4) suggesting that there is no relevant astrocytic expression of Hsp70 in the analyzed subregions. Software analysis further confirmed the lack of colocalization of Hsp70 (Fig 4, panels A) and GFAP signals (Fig 4, panels B), which is evident from the colocalization mask superimposed to the merged ACCEPTED MANUSCRIPT
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17 channels image with Hoechst 33342 (Fig 4, panels C) . The few dotted spots are an indication of coexpression rather than colocalization as it is also evident from the scatterplot (Fig 4, column D). At higher magnification, these dots revealed to be coexpressing pixels piled one on top of each other in the confocal plane, indicating that the signals come from adjacent cells.
Triple immunohistochemical staining combining markers for Hsp70, TLR4 and microglia (Fig 5) revealed different interactions. The software-based colocalization analysis was carried out at 63X magnification in order to increase the resolution and the use of masks outlining the region of interest where the three probes were expressed (Fig 5, cell 1-3 ) to assess the localization more precisely. The colocalization described between Hsp70 (Fig 5B) and TLR4
( Fig (Fig 5E, third row) . Morphologically, it seems that microglia in the proximity of Hsp70/TLR4 immunopositive cells appear to be in an activated state and sometimes engulf Hsp70 expressing cells.
Discussion
In the present study, we analyzed the expression pattern of Hsp70 in the adult rat brain during the course of epileptogenesis. Detailed information about epileptogenesis-associated patterns of Hsp70 regulation is of particular relevance, when further assessing its suitability as a target candidate for anti-epileptogenic approaches. Moreover, respective knowledge is required to determine time windows for an intervention targeting Hsp70-mediated inflammatory signaling.
In a previous study in the electrical post-SE model, proteomic analysis followed by first exemplary immunostainings provided evidence for an early induction of Hsp70 in the hippocampus and parahippocampal cortex. Quantitative analysis now confirmed these findings, providing information about the expression regulation in different sub-regions of the temporal lobe. Interestingly, a pronounced induction of Hsp70 was observed in all brain regions analyzed. These regions comprise areas such as the hilus and CA regions or the piriform cortex, which exhibit substantial neuronal cell damage as an early consequence of SE. Hsp70 plays an important role as a DAMP and chaperone, which can interrupt apoptosome formation and suppress apoptosis (Beere et al., 2000; Kim et al., 2018) . Thus, the insult-associated induction in these brain regions seems to be in line with an endogenous upregulation as a protective mechanism in a scenario with extensive neuronal cell stress and damage. A respective role has already been suggested by Yenari et al. (1998) based on an increase in neuronal survival demonstrated as a consequence of Hsp70 overexpression prior to neuronal insults (Yenari, et al., 1998) . In models with chemical induction of SE, a rapid increase in Hsp70 expression rates has also been described (Lively and Brown, 2011; Vass et al., 1989; Yang et al., 2008) . In these studies, a bias related to putative direct effects of the chemoconvulsant could not be excluded, and the analysis was not based on unbiased stereological cell counting procedures, but either on Western blot or on qualitative description or scoring of Hsp70-immunopositive cells. Nevertheless, the present findings now demonstrate that this induction can indeed be confirmed as a direct consequence of electrically induced prolonged seizure activity and its immediate cellular consequences.
Interestingly, Vass, et al. (1989) described in a kainic acid model that degenerating neurons did not express Hsp70 at relevant levels, and that Hsp70 expression rates did not reflect neuronal cell damage in all brain regions analyzed in this study. Moreover, in a rat primary culture transfection with Hsp70 siRNA remained without impact on the rate of apoptosis in response to kainic acid exposure (Yang, et al., 2008) . These data argue against a neuroprotective function of Hsp70 induction. However, the limitations of the in-vitro set up and the bias by the chemoconvulsant need to be taken into account when concluding from these data.
An extended induction of Hsp70 expression became only evident in the layer 3 of the piriform cortex and the perirhinal cortex. These findings suggest that in these brain regions Hsp70-associated signaling mechanisms might play a longer lasting role extending into the latency phase of epileptogenesis. However, in general, the more attenuated and locally restricted Hsp70 overexpression during the latency phase suggests a declining pathophysiological relevance with progression of epileptogenesis. In the chronic phase with spontaneous recurrent seizures, Hsp70 expression had returned to control level in all brain regions. Thus, we can rule out that the lack of changes during the chronic phase suggested by our proteomic data sets (Walker, et al., 2016) had been related to a bias by a dilution effect. A respective bias needs to be considered when applying Omics analysis of samples comprising one or more brain regions (Caudle et al., 2008) , thereby not allowing conclusions about more localized regulation patterns. Taken together the findings now convincingly argue against a relevant functional impact of Hsp70 following epilepsy manifestation. Earlier analysis of human tissue from patients with temporal lobe epilepsy revealed only scarce Hsp70-positive cells (Nakayama et al., 2017; Yang, et al., 2008) . Thus, both experimental and clinical data suggest that the cellular events associated with short single seizures seem to be insufficient to trigger Hsp70 upregulation.
Concerning the spatiotemporal expression profile the study design, our focus, and limitations need to be considered. First, we did not separately analyze expression in thalamic nuclei. Thus, we cannot exclude changes in selected nuclei, as assessment of expression in the thalamus might not be sensitive enough to detect alterations, which only affect thalamic subregions. Second, we have selected time points reflecting the early post-insult phase, latency phase and chronic phase in line with our previous study design and our findings from a large scale proteomic analysis in a post-status epilepticus model (Walker et al., 2016) . Thereby the two-day time point has been selected based on considerations regarding a realistic time point for a clinical antiepileptogenic intervention, and the fact that we were not interested in very 
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Regarding the aforementioned question about the role of Hsp70, it is crucial to consider the disease-associated regulation of expression in different cell types. Our immunohistochemical analysis points to a predominant induction of Hsp70 expression in neurons. These data are consistent with reports from chemically induced post-SE models in rats, which also described neuronal overexpression (Lively and Brown, 2011; Vass, et al., 1989; Yang, et al., 2008) .
It has already been suggested for HMGB1 that neuronal cell stress might serve as the first trigger for enhanced DAMP signaling following an epileptogenic insult. Release of danger signals from injured cells can then signal via Toll-like receptors mediating an excessive response of the innate immune system. The resulting pro-inflammatory signaling events seem to contribute to epileptogenesis. As Hsp70 seems to serve as a ligand of TLR4 receptors, it might modulate respective molecular responses occurring during the early phase following a brain insult.
In contrast to the pronounced induction in neurons, we did not obtain evidence for a relevant regulation in astrocytes and only observed a very weak expression in microglia. Thus, it remains unlikely that activation of glia cells adds to the surge in Hsp70 rates following SE.
Different patterns of cellular Hsp70 regulation have been reported following other types of stressors (Chen et al., 2007; Pavlik and Aneja, 2007) . For instance, the analysis following hyperthermia induction rats revealed a more intense upregulation in microglia cells as compared to neurons and astrocytes. Thus, the cellular pattern of Hsp70 expression modulation seems to depend on the type of insults. With prolonged seizure activity, it is likely that excitotoxic NMDA receptor signaling results in cell stress with induction of Hsp70. This assumption is based on the finding that Hsp70 can protect hippocampal neurons from excessive extracellular glutamate with overactivation of NMDA receptors (Ayala and Tapia, 2008) .
Depending on the question addressed, the use of a visual approach can be sufficient for assessment of cellular colocalization. However, a more reliable analysis providing robust colocalization data requires a quantitative approach. Therefore, we took advantage of the most advanced colocalization techniques and used the pixel-by-pixel analysis with either ZEN software or Coloc2 ImageJ plugin. Colocalization scatterplots are a very powerful tool and together with the superimposed colocalization mask help to better visualize what the objective software analysis returns as colocalizing pixels (Dunn, et al., 2011; Salazar-Peláez et al., 2015; Stuermer et al., 2001) . In addition, the use of PCC and ICQ implemented these two
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Our findings raise the question whether there are any functional implications of Hsp70 overexpression. Intracellular Hsp70 can limit generation of pro-inflammatory mediators and reactive oxygen species (Kim, et al., 2013) . On the other hand, extracellular Hsp70 can serve as a ligand of Toll-like receptors 2 and 4. Conclusions need to take into account that contradictory findings have been reported regarding an agonistic or antagonistic role of Hsp70 as a ligand of Toll-like receptors 2 and 4, thereby either contributing to or counteracting enhanced pro-inflammatory downstream signaling (Aneja et al., 2006; Asea et al., 2000; Asea et al., 2002; Ferat-Osorio et al., 2014; Singleton and Wischmeyer, 2006) . Taken together the current-state of knowledge rather points to a TLR2/4 antagonistic and anti-inflammatory role of Hsp70 (Ferat-Osorio, et al., 2014; Kim, et al., 2013; Singleton and Wischmeyer, 2006) . A respective function would also be more consistent with the protective function of intracellular Interestingly, a recent study described a new consequence of Hsp70 signaling ink that adds a new facet to the link between Hsp70 upregulation and the pathophysiology of epilepsy. Hu et al. (2019) reported that Hsp70 induction during seizures leads to proteosomal degradation of Kv4-KChIP4a channel complexes primarily encoding neuronal A-type current. As we observed a pronounced increase of Hsp70 during the early post-insult phase, this Hsp70-mediated degradation of Kv4 channel complex might also occur during early phases of epileptogenesis thereby contributing to network reorganization and changes in excitability.
In order to study the functional impact of Hsp70 in the generation of a hyperexcitable network, we have recently completed two studies with genetic and pharmacological targeting of Hsp70 expression. Findings from mice lacking inducible Hsp70 with increased seizure thresholds, more severe seizures, and enhanced microglia activation supported a protective role of the danger molecule (von Rüden, et al., 2018) . However, surprisingly, treatment with the Hsp70 inducing compound Celastrol as well as Hsp70 overexpression also exerted detrimental effects (von Rüden, et al., 2018) .
Whereas there are explanations for these findings when considering experimental study details, the outcome of both studies does not provide conclusive answers to the overarching A C C E P T E D M A N U S C R I P T 22 question whether Hsp70 exerts beneficial or detrimental effects on epileptogenesis and ictogenesis. Earlier studies have rather argued for anticonvulsant and protective effects (Ammon-Treiber et al., 2007a; Ekimova et al., 2010a) . However, in both studies a direct impact of Hsp70 on GABAergic neurotransmission might have affected the outcome as both groups used chemoconvulsants to trigger seizures. A study by Dai et al. (2013) showed that the flavonoid compound Baicalin activates GABAergic signaling as well as HSP70 and MAPKs cascades, explaining the possible underlying mechanism for its neuroprotective
properties. Furthermore, a study by Mokrushin and Pavlinova (2012) demonstrated that exogenous Hsp70 can modulate both glutamatergic and GABAergic synaptic activity in neurons under normal conditions in a dose-dependent fashion. Specifically, Hsp70 was able to suppress hyperexcitability of nervous tissue and development of epileptic seizures that often accompany hemorrhagic strokes.
Thus, in summary the intense upregulation of Hsp70 following an epileptogenic insult may reflect an endogenous mechanism modulating the induction of inflammatory signaling and the onset of molecular, cellular, and network reorganization resulting in the generation of a hyperexcitable epileptic network. The dichotomous findings might also reflect the fact that activation of glia cells can on one hand serve an important protective function, and on the other, if the activation becomes excessive and persistent, it can also contribute to the pathophysiology and disease progression (Milligan and Watkins, 2009; Romero-Sandoval et al., 2008) . Future research is obviously necessary to further elucidate the definite role of Hsp70 during epileptogenesis as a basis for the rational development of putative targeting strategies. In case that future studies suggest an inhibition of Hsp70 expression and function, the present data indicate that respective approaches should be applied early following an epileptogenic insult.
Conclusion
The intense neuronal Hsp70 upregulation during the early post-insult phase must be considered as an early molecular event that may contribute to excessive inflammation, which 
